Differential Thermal Analysis (DTA) and Directional Solidification and Quenching (DSQ) were used to evaluate the solidification and precipitation sequence for the Ni-base superalloys IN718, IN625 and IN939. They all showed a similar precipitation sequence, with an initial precipitation of γ dendrites, followed by an intermediate non-invariant divorced eutectic reaction of type L-* γ + MC, and a final eutectic precipitation of Laves phase for alloy IN718 and IN625 and of /7-phase for alloy IN939. The reaction temperatures and the amounts of carbides and of final precipitates were evaluated. Precipitated nitrides were found to act as nucleation sites for the precipitation of blocky carbides/carbonitrides, at low interdendritic supersaturation, while in interdendritic regions with high supersaturation, a 'script-like' carbide formation was found instead.
INTRODUCTION
The development of Ni-base superalloys is a consequence of the demand of increasing high temperature strength and resistance in particularly gas turbines. An increased operating temperature is a major " To whom correspondence should be addressed: Dr. A. Eliasson; e-mail: anderse@matpr.kth.se requirement for improved performance and efficiency of a gas turbine, and nowadays, materials properties represent the limiting factor II/.
The most cast Ni-base alloys are the ones denoted IN718, IN625 and IN939. Among these, alloy IN718 represents the most widely used alloy for turbine vanes and discs in aeronautic applications and for applications with working temperatures up to 973 Κ121. Alloy IN625 is used in low-stressed components with working temperatures up to 1373 Κ and it is widely used in steam power plants as the main steam-line material /3/. The outstanding high temperature strength and corrosion resistance makes alloy IN939 particularly suitable in land-based gas turbines for energy production for working temperatures up to 1123 Κ /4/.
To clarify any differences in solidification behaviour and as well give ideas for the development of new alloys or optimisation of the existing ones, a comparison between the solidification and precipitation process of these three alloys has been done. The whole material is very extensive and has therefore been divided into two papers. In the first paper 151, the dendritic growth and microsegregation phenomenon during the solidification process of IN718, IN625 and IN939 were evaluated. In this second paper, the solidification and eutectic precipitation sequence of carbides and Laves phase in these three alloys will be analysed.
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EXPERIMENTAL TECHNIQUE
The precipitation sequence of carbides and Laves phase was evaluated by means of Directional Solidification and Quenching (DSQ) technique, whereby in unidirectional solidified samples the solidification process was interrupted by quenching.
The different reaction temperatures were analysed by Differential Thermal Analysis (DTA) of alloy samples solidifying at controlled cooling rales. The equipment and the experimental techniques used were described in detail in the paper 151.
EXPERIMENTAL RESULTS AND ANALYSIS

Analysis of DTA thermographs
The solidification process of all these Ni-base alloys starts with a primary precipitation of γ-phase, followed by two eutectic reactions, whereby the first one is an Figure 1 shows the DTA thermograph obtaine d for alloy IN718 at cooling.
Solidification and reaction temperatures in IN718
The following comments can be made regarding the different exothermic peaks:
(1) An abrupt deviation from the base line occurred at about 1593 K. The equilibrium solidification temperature, i.e. the liquidus temperature may be estimated to 1603 K, in correspondence of the peak. The following comments can be made regarding the different endothermic peaks:
(1)The deviation at about 1513 Κ is likely associated with the beginning of the melting of the matrix, i.e.
the solidus. The material was provided after homogenisation heat treatment and it is thus reasonable to assume that no or very little Laves phase was present in the material, which explains why no clear temperature deviation is found for the dissolution of Laves phase.
(2) It is reasonable to consider the deviation within the range 1543-1578 Κ with a peak at about 1573 Κ with the dissolution of primary carbides.
(3) The peak at around 1613 Κ is likely associated with the complete melting of the alloy, the liquidus.
The measured temperatures and proposed reactions and precipitations for alloy IN718 are summarised in Figure 3 shows the DTA thermograph obtained on cooling for alloy IN625.
Solidification and reaction temperatures in IN625
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Analysis of precipitation sequence
To analyse the precipitation sequence and the morphologies of the different phases precipitated during the solidification, unidirectional solidified DSQ samples solidified at low solidification rates, extraction rates, ν = 100-10" 6 m/s and ν = 50· 10" 6 m/s, were used. In the samples, the main phases were analysed by mean of Energy Dispersive Spectroscopy (EDS).
Precipitation sequence and morphology of precipitates in IN718
In the alloy IN718, the precipitation sequence starts Figure 9c show the chemical composition of a nitride particle, which was present close to the solidification front and Figure 9d shows the chemical composition of a 'script-like' carbide.
It was not possible to quantify the amount of the light elements such as C and Ν by the EDS analysis but their presence was indirectly evidenced. Nb is the major carbidc-forming element but Ti also participates, as seen in the analysis in Figures 9b and 9d . Ti on the other hand seems to be the most important one for the nitride precipitation, as shown in Figure 9c carbonitrides.
In Fig. 8 , it is possible to see that the nitride particle has a core, too. This indicates that also the nitride itself probably is nucleated heterogeneously. In Figure 10 Laves structure later at the solidification process.
The MgO and A1 2 0 3 particles probably originate from the metallurgical process of the alloy, which has remained stable during the melting and casting procedures. Figure 11a shows the start of the precipitation of Laves phase and Figure lib shows the morphology of the precipitated Laves structure later at the solidification process.
In observing the micrographs, care must be taken since the quenched liquid phase, of composition close to that of eutectic ^Laves, also solidified mainly as fine >/Laves eutectic. However, the coarseness of the precipitated structures made it possible to distinguish between the Laves phase that was present prior to quenching and the one originating from the quenched liquid.
In addition, the Laves precipitation reaction is not invariant, and occurred over a temperature range. The carbide particle visible in Figure 8 is probably intimately associated with the precipitation of the Laves phase, indicating that the final precipitation event involves not only γ and Laves phases but also carbides, i.e. it is a ternary eutectic reaction. Figure 8 represents a typical blocky Laves phase as encountered in the as-cast microstructure. In a few cases, Laves phase appeared in the form of fine true eutectic-like structures also reported elsewhere /17/.
An EDS chemical composition of a typical Laves phase from a DSQ sample is shown in Fig. 12 .
The Laves phase composition is mainly controlled by geometrical considerations /18/. In the nominal formula A2B, the larger atoms are expected to be the Β component, which for the alloy IN718 are mainly Nb, Mo, and Ti.
In the micrograph in Figure lib and in Figure 8 , also another phenomenon is evident, the coalescence process involving the Laves particles, which take part during and just after the final precipitation sequence.
Moreover, it is interesting to note the brownish areas around the Laves phase in the last micrograph of Figure  11a . These brownish areas were not found immediately after the end of solidification, but only further down in temperature. The different etching responses indicate a difference in the matrix composition, starting from the Laves phase. The EDS analysis has revealed an Nb concentration gradient from the interdendritic areas (where the Laves phase is found) to the dendrite core, which in turn determines the precipitation of the strengthening /"-phase. The /"-phase is found only in the proximity of a Laves particle. This gradient also provides the driving force for the dissolution of Laves phase and the response of post cast heat treatment.
Precipitation sequence and morphology of precipitates in IN625
The microstructure of alloy IN625 in the assolidified condition is shown in Fig. 13 and as expected, it resembles that of alloy IN718.
The observed precipitation sequence involves a primary precipitation of austenitic /-phase, followed by a precipitation of carbonitrides and subsequently a strong precipitation of MC carbides, in eutectic fashion. The solidification finally ends with a eutectic precipitation of Laves phase, of blocky appearance. It was important to note that this phase generally was associated with voids and cracks, while the matrix was not. This is an indication that this particle is very brittle, since even standard metallographic preparation 
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Precipitation sequence and morphology of precipitates in alloy IN939
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Analysis of volume fraction of carbides
The volume fractions of precipitated carbides and Figure 18 shows the volume fraction of carbides as a function of the distance from the solidification front.
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Volume fraction of carbides in IN718
The strong precipitation event occurred at about 26· 10" In Table 4 , the reported values correspond to the distance from the solidification front (SF) downward into the mushy region at which the precipitation event occurred and the final amount of carbides for the three extraction rates.
Within the experimental errors, no significant difference in the on-set of precipitation was found between the three extractions rates (i.e. growth rates).
The amount of final carbides for IN718 can be assessed to be about 1,5-2 % in accordance with reported values for as-cast IN718 /7,20/. Table 4 IN718. Precipitation of carbides. On-set precipitation distance and the final amounts.
Extraction rate, ν Distance from Fraction of (xlO* 6 m/s) SF (xlO" some particles at shorter distances, i.e. at higher temperatures. The last and highest value was taken corresponding with the end of solidification. This final amount of carbides remained unchanged after the end of solidification.
In Table 5 , the reported values correspond to the distance from the solidification front (SF) downward into the mushy region at which the precipitation event occurred and the final amount of carbides for the three extraction rates. Within the experimental errors, no significant difference in the onset of precipitation was found between the three extraction rates. The amount of final carbides for IN625 can be assessed to be about 1,5-2 %. Figure 21 shows the number of particles at different positions from the solidification front according to their different morphology, blocky or 'script-like'. Figure 21 shows clearly that the onset point of the strong precipitatidn of eutectic 'script-like' carbides can be considered to be about 31-10' 3 m from the front. The presence of blocky particles prior to this eutectic precipitation is also evident. The precipitation of carbides on nitrides (carbonitrides) likely starts at about 25-10" 3 m. Measurements of particles at higher temperatures, i.e. lower distances from the front, are likely from nitrides. Figure 22 shows the volume fraction of carbides measured at different distances along the mushy zone. An abrupt change of the amount of carbides occurred at about 16-10" 3 m from the solidification front. The final and highest value was obtained close to the end of solidification.
Volume fraction of carbides in IN939
In Table 6 , the reported values correspond to the distance from the solidification front (SF) downward into the mushy region at which the precipitation event occurred and the final amount of carbides for the three extraction rates.
Within the experimental errors, no significant 
Liquid + NbC ö γ + Laves (1)
The dissolution of the 'script-like' NbC might be a result of the very high Nb-content in the Laves phase, which results in a decrease of the Nb content in the liquid as well as in the austenite phase at precipitation. 
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CONCLUSIONS
